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© A first surface (46a) of a diaphragm (46) is 
exposed to high temperature gas in the combustion 
chamber of an internal combustion engine. The cur- 
vature of the diaphragm (46) changes in response to 
the gas pressure. Three optical fibers (40, 42, 44) 
are spaced along a radius of the diaphragm (46) and 
have ends which face a second surface (46b) of the 
diaphragm (46). A light source (50) injects light into 
a center fiber (40), which is displaced from the 
center of the diaphragm (46) by a predetermined 
distance. Outer fibers (42, 44) receive light from the 
center fiber (40) after reflection from the diaphragm 
(46). The relative intensities of light reflected from 



the diaphragm (46) into the outer fibers (42, 44) 
correspond to the curvature of the diaphragm (46) 
and thereby to the pressure. The outer fibers (42, 
44) have a larger numerical aperture than the center 
fiber (40), and the light source (50) fully populates all 
of the optical modes of the center fiber (40) to 
reduce modal noise caused by physical perturbation 
of the fibers (40, 42, 44). A computer (56) computes 
the pressure in response to the relative reflected 
light intensities. A temperature sensor (58) provides 
an input to the computer (56) which enables com- 
pensation for variation of the sensitivity of the dia- 
phragm (46) with temperature. 



FIG. 5. 
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BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention generally relates to the 
art of optoelectronic sensing, and more specifically 
to an improved fiber optic sensor for sensing the 
pressure in a high temperature, high pressure envi- 
ronment such as the combustion chamber of an 
internal combustion engine. 

Description of the Related Art 

U.S. Patent No. 4,799,751, entitled "DETEC- 
TION DEVICE USING FIBER OPTIC TECH- 
NIQUES", issued Jan. 24, 1989 to V. Tekippe, 
discloses a pressure sensor such as illustrated in 
FIGS. 1a to 1c and 2 and designated as 10. The 
sensor 1 0 includes a flexible disc or diaphragm 1 2 
having an upper first surface 12a which is exposed 
to a pressure to be sensed. 

Light is injected into the lower end of a first or 
center optical fiber 14 as indicated by an intensity 
lo, and propagates upwardly through and is projec- 
ted by the fiber 14 onto the second surface 12b of 
the diaphragm 12. The light path through fiber 14 
to the diaphragm is indicated by hatching. Second 
and third outer optical fibers 16 and 18 are spaced 
on the opposite sides of the fiber 14. The fibers 14, 
16 and 18 are parallel, at least at their upper end 
portions which are adjacent to the diaphragm 1 2. 

Light which emerges from the upper end of the 
fiber 14 is reflected from the surface 12b and 
enters the upper ends of the fibers 16 and 18 as 
indicated by downward directed arrows. The re- 
flected light propagating through the fibers 16 and 
18 is designated as intensities l| N and I 0 ut respec- 
tively. 

The center of the inner fiber 14 is spaced from 
the center of the diaphragm 12 by a distance x. 
The fiber 16 is radially inward of the fibers 14 and 
18. Preferably, x = r/3 1/2 , where r is the radius of 
the diaphragm 12. At this point the radial slope of 
the diaphragm 12 exhibits a maximum and pro- 
vides the sensor 10 with maximum sensitivity. The 
upper ends of the fibers 14, 16 and 18 are spaced 
from the surface 12b of the diaphragm 12 by a 
distance y and are perpendicular to the diaphragm 
12 when the diaphragm 12 is flat. 

FIG. 1b illustrates the case in which the pres- 
sure P which is applied to the surface 12a of the 
diaphragm 12 is zero, and the diaphragm 12 is flat. 
The upper ends of the fibers 14, 16 and 18 are all 
spaced from the diaphragm 12 by the distance y, 
and the same amount of light is reflected from the 
surface 12b of the diaphragm 12 into both fibers 16 
and 18 such that l| N = lour 



FIG. 1a illustrates the pressure P as being 
greater than zero. The diaphragm 12 is curved by 
the applied pressure such that the surface 12b 
which faces the fibers 14, 16 and 18 is convex. 

5 Since the fibers 14, 16 and 18 are offset from the 
center of the diaphragm 1 2, more light is reflected 
from the surface 12b into the fiber 18 than into the 
fiber 16. In this case l| N < lour- 

When the pressure P is less than zero as 

10 illustrated in FIG. 1c, the surface 12b of the. dia- 
phragm 12 which faces the fibers 14, 16 and 18 is 
concave, and more light is reflected from the sur- 
face 12b into the fiber 16 than into the fiber 18, 
such that l| N > Iout- In this manner, the sensor 10 is 

75 capable of sensing both the magnitude and sign 
(positive or negative) of the pressure P. , 

The geometry of the sensor 10 for the exem- 
plary case of negative pressure P is illustrated in 
FIG. 2. As disclosed by Tekippe, the fibers 14, 16 

20 and 18 are identical, having the same diameter, 
index of refraction and numerical aperture. Assum- 
ing that the index of refraction of the cores of the 
fibers 14, 16 and 18 is ni and the index of refrac- 
tion of the cladding of the fibers 14, 16 and 18 is 

25 n2, the critical angle 0 C , below which total internal 
reflection will occur in the fibers 14, 16 and 18, is 
0 C = sin _1 (n 2 /ni). 

The slope of the diaphragm 12 at the center of 
the light beam incident on the surface 12b from the 

30 center fiber 14 is Ay/Ax, and the curvature of the 
diaphragm 12 can be expressed as an angle of 
inclination 4> = tan" 1 -(Ay/Ax). Light emerging from 
the fiber 14 at the critical angle 0 C is refracted in 
the air gap between the fibers 14, 16 and 18 and 

35 the diaphragm 12 and is incident on the surface 
12b of the diaphragm 12 at an angle 0. 

Due to the curvature of the diaphragm 12, this 
light is reflected from the surface 12b of the dia- 
phragm 12 into the upper end of the fiber 16 at an 

40 angle 01 = e + <j>, and light is reflected into the 
upper end of the fiber 18 at an angle 01 = 0 - <t>. 

Assuming that the diameter of the diaphragm 
12 is much larger than the diameter of the fiber 14, 
the pressure P can be expressed as the ratio of the 

45 sum and difference of the intensities l| N and Iout as 
(Iout-IinV(Iout + Iin) = 2AP. Solving for P produces 
P = (1/2A)[(I OU t-Iin)/(Iout + Iin)]. For low temperature 
applications, A is substantially constant. 

The sensed pressure P is therefore indepen- 

so dent of the diameter of the fibers 14, 16 and 18, 
the distance y between the fibers 14, 16 and 18 
and the diaphragm 12, the reflectance of the dia- 
phragm 12, the intensity of the input light l 0 , and is 
therefore insensitive to environmental perturbations. 

55 The prior art arrangement of Tekippe is subject 

to substantial optical signal noise caused by phys- 
ical perturbation or bending of the fibers 14, 16 and 
18. Bending of the fibers 14, 16 and 18 causes 
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changes in the optical mode distribution of the light 
propagating there-through, which in turn affects the 
intensities l| N and I 0 ut and thereby the value of P. 

Accurate sensing of the pressure in the com- 
bustion chamber of an internal combustion engine 
enables advantageous feedback control of spark 
advance, cylinder dilution, individual cylinder fuel 
rate and other parameters using pressure ratio 
management algorithms. At high temperatures on 
the order of 700° C, such as encountered in this 
type of application, the value of A varies signifi- 
cantly with temperature. 

More specifically, A is a function of the 
Young's modulus and Poisson's ratio of the dia- 
phragm 12, both of which are temperature depen- 
dent. This causes the sensitivity of the diaphragm 
12 to vary with temperature, and produce inaccu- 
racy in the sensed value of pressure P. 

A diaphragm 12 consisting of a simple disc as 
disclosed by Tekippe is subject to temperature 
induced curvature which also varies with tempera- 
ture. The curvature of such a diaphragm 12 will 
change as the temperature increases or decreases, 
even if there is no change in pressure P. These 
effects cause zero drift in the pressure reading, 
and limit the attainable accuracy of the censor 10 
in a high temperature environment. 

SUMMARY OF THE INVENTION 

In a high temperature pressure sensor em- 
bodying the present invention, a first surface of a 
diaphragm is exposed to high temperature gas in 
the combustion chamber of an internal combustion 
engine. The curvature of the diaphragm changes in 
response to the gas pressure. 

One center and two outer optical fibers are 
spaced along a radius of the diaphragm and have 
ends which face a second surface thereof. A light 
source injects light into the center fiber, which is 
displaced from the center of the diaphragm by a 
predetermined distance. The two outer fibers re- 
ceive light from the center fiber after reflection from 
the diaphragm. 

The relative intensities of reflected light cor- 
respond to the curvature of the diaphragm and 
thereby to the pressure. The outer fibers have a 
larger numerical aperture than the center fiber, and 
the light source fully populates all of the optical 
modes of the center fiber to increase the optical 
coupling coefficient and reduce noise caused by 
physical perturbation of the fibers, such as vibra- 
tion from an engine or bending during installation. 
The fibers preferably have a square cross-section 
to maximize linearity and dynamic range. 

Structure is provided to inhibit thermally in- 
duced curvature of the diaphragm. In one embodi- 
ment of the invention, a diaphragm holder which 



clamps the peripheral edge has a larger coefficient 
of thermal expansion than the diaphragm. In an- 
other embodiment, the diaphragm is retained at its 
peripheral edge by a cylindrical member having 

5 low thermal mass which extends from the dia- 
phragm holder. 

A computer computes pressure in response to 
the relative reflected light intensities. An engine 
temperature sensor which is standard equipment in 

io automotive vehicles provides an input to the com- 
puter which enables compensation for variation of 
the sensitivity of the diaphragm with temperature. 
The present sensor is also insensitive to interfer- 
ence caused by electromagnetic radiation which is 

75 generated at high levels by the ignition system of 
an internal combustion engine. 

These and other features and advantages of 
the present invention will be apparent to those 
skilled in the art from the following detailed de- 

20 scription, taken together with the accompanying 
drawings, in which like reference numerals refer to 
like parts. 

DESCRIPTION OF THE DRAWINGS 

25 

FIGs. 1a, 1b and 1c are diagrams illustrating a 
prior art pressure sensor to which the present 
invention constitutes an improvement; 
FIG. 2 is a diagram illustrating the geometry of 
30 the sensor of FIGs. 1a, 1b and 1c to enlarged 
scale; 

FIG. 3 is a vertical section illustrating a pressure 
sensor embodying the present invention as in- 
truding into the combustion chamber of an inter- 
35 nal combustion engine; 

FIG. 4 illustrates the sensor of FIG. 3 to en- 
larged scale; 

FIG. 5 is a diagram illustrating the sensor of 
FIGs. 3 and 4 as further including a temperature 
40 sensor and a computer; 

FIG. 6 is a diagram illustrating the preferred 
configuration of three square optical fibers of the 
sensor; 

FIG. 7 is a diagram illustrating the relationship 
45 between the numerical apertures of the three 
fibers; 

FIG. 8 is a diagram illustrating the non-linearity 
inherent in a sensor including three round op- 
tical fibers; 

so FIG. 9 is a diagram illustrating an arrangement 
of three square optical fibers which produces 
maximum linearity In accordance with the inven- 
tion; 

FIG. 10 is a diagram illustrating an alternative 
55 arrangement including two square optical fibers 
and one round optical fiber; 
FIG. 11 is a vertical section illustrating a dia- 
phragm assembly which inhibits thermally in- 
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duced curvature of the diaphragm; 

FIG. 12 is a plan view illustrating the assembly 

of FIG. 11; 

FIGs. 13, 14 and 15 are vertical sections illus- 
trating alternative diaphragm assemblies; and 
FIG. 16 is a sectional view of a sensor head 
incorporating a light emitting diode and electrical 
and optical connectors. 

DETAILED DESCRIPTION OF THE INVENTION 

A fiber optic sensor 20 embodying the present 
invention is illustrated in FIGs. 3 to 6. The sensor 
20 includes a metal body 22 which is threaded into 
a hole 24 which opens through a cylinder head 26 
into a combustion chamber 32 of an internal com- 
bustion engine. The cylinder head 26 is bolted to a 
cylinder block 28 in which a piston 30 is recipro- 
cated by combustion of an air-fuel mixture in the 
combustion chamber 32. A spark plug 34 is illus- 
trated as extending into the combustion chamber 
32 for igniting the air-fuel mixture therein. 

The sensor 20 includes first, second and third 
optical fibers 40, 42 and 44 which are retained by 
the body 22 and preferably have rectangular or 
square cross-sections as illustrated in FIG. 6. A 
diaphragm 46 in the form of a circular disc which is 
also retained by the body 22 has a first surface 46a 
which is exposed to a pressure P in the combus- 
tion chamber 32, and a second surface 46b which 
faces the adjacent ends of the fibers 40, 42 and 44. 

The center of the first optical fiber 40 is spaced 
from the center 48 of the diaphragm 46 by a 
distance x = r/3 1/2 as described above. The fiber 
42 is spaced radially inward from the fibers 40 and 
44. The centers of the fibers 40, 42 and 44 are 
spaced from each other by a distance d (the width 
of each fiber 40, 42 and 44), such that the center of 
the fiber 42 is spaced by x-d from the center 48, 
and the center of the fiber 44 is spaced by x + d 
from the center 48. 

The ends of the fibers 40, 42 and 44 which 
face the surface 46b of the diaphragm 46 are 
perpendicular to the surface 46b, and spaced 
therefrom by a distance y when no force or pres- 
sure is applied to the diaphragm 46 and the dia- 
phragm 46 is flat. 

As illustrated in FIG. 5, a light source 50 such 
as a light emitting diode or a laser diode injects 
light into the fiber 40. Light from the fiber 40 is 
reflected from the surface 46b of the diaphragm 46 
into the fibers 42 and 44 in a relative proportion 
which depends on the curvature of the diaphragm 
46 in the manner described above with reference 
to FIGs. 1a to 1c and 2. 

The light from the fibers 42 and 44 is piped to 
photodetectors 52 and 54 respectively which pro- 
duce electrical output signals (voltages or currents) 



having magnitudes h and h which correspond to 
the intensities l| N and I 0 ut respectively. The signals 
h and h are applied to a computer 56 which 
computes the pressure P in accordance with the 

5 relation P = (1/2A)[(I OU t-Iin)/(Iout + Wl or any other 
applicable function of \ m and loirr- 

An optional engine temperature sensor 58 is 
further illustrated which provides a temperature in- 
put to the computer 56 as will be described below. 

10 This temperature sensor can be used to com- 
pensate for temparture variations in A at the higher 
temperatures. 

Although I 0 ut and l (N may individually be sen- 
sitive to environmental perturbations such as vibra- 

75 tion, bending .of the fibers during installation and 
temperature changes, which can produce variations 
in the diameter of the fibers 40, 42 and 44, the 
distance y between the fibers 40, 42 and 44 and 
the diaphragm 46, the reflectance of the diaphragm 

20 46 and the intensity of the input light l 0 from the 
light source 50, the expression (IouHinVOout + W is 
substantially insensitive to such perturbations. 
Since A is also substantially constant at the lower 
temperatures, the sensed pressure P (which de- 

25 pends upon ! 0 ut, Iin and A) is also substantially 
independent of these perturbations at the lower 
temperatures. 

In the case in which the fibers 40, 42 and 44 
have the same diameter, the distance y is selected 

30 as 

y = (1/2)r o (k-1)/tan0 

where 6 = sin -1 (numerical aperture of the 
35 fiber 40), r 0 is the diameter of the core of the fiber 
40, k = r/ro and r is the reflected beam radius. 

If the fibers 40, 42 and 44 do not have the 
same diameter, the above relation must be suitably 
modified. 

40 The distance y between the ends of the fibers 

40, 42 and 44 and the diaphragm 46 can also be 
determined empirically by varying the distance y, 
and determining the value at which the maximum 
response to pressure variation is detected by the 
45 sensor 20. 

In accordance with the invention, the optical 
fibers 40, 42 and 44 and light source 50 are 
designed such that substantially all optical modes 
of the fiber 40 are fully populated (mode scram- 
so bled). This substantially reduces the sensitivity of 
the sensor 20 to optical modal noise caused by 
physical perturbation of the fiber 40 resulting from 
variation of the optical mode distribution jn the fiber 
40 which is a problem in the prior art as discussed 
55 above. Techniques for fully populating the optical 
modes of an optical fiber are well known in the art 
per se. 
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The optical noise in the fibers 40, 42 and 44 is 
further reduced in accordance with the invention by 
making the numerical aperture of the second and 
third fibers 42 and 44 larger than the numerical 
aperture of the first fiber 40. This increases the 
optical coupling between the fibers 40, 42 and 44, 
ensures that the reflected light propagating through 
the fibers 42 and 44 will not suffer any loss other 
than Fresnel reflection, and prevents distortion 
caused by optical signal loss. The numerical ap- 
ertures of the fibers 42 and 44 are preferably the 
same, but can be different within the scope of the 
invention. 

More specifically, if the fibers 42 and 44 had 
the same numerical aperture as the first fiber 40 in , 
the manner disclosed by Tekippe, it would be 
necessary to make the optical modes of the first 
fiber 40 less than fully populated in order to narrow 
the beam divergence and ensure that all reflected 
light enters the second and third fibers 44 and 46. 
This would increase the sensitivity of the sensor to 
physical perturbation and result in a change in the 
profile of the spot projected from the fiber 40 onto 
the diaphragm 46 which cannot be distinguished 
from the applied pressure. 

This sensitivity is reduced to a negligible ex- 
tent by fully populating the optical modes in the 
fiber 40. This, however, increases the maximum 
angle at which the beam is projected from the fiber 
40 onto the diaphragm 46. If the numerical aperture 
of the fibers 42 and 44 were not increased, the 
angle at which the reflected light entered the fibers 
42 and 44 with applied pressure could exceed the 
critical angle thereof, resulting in radiation loss 
through the fibers 42 and 44 and a non-linear 
response to pressure. 

The numerical aperture of the fibers 42 and 44 
is therefore made sufficiently larger than that of the 
fiber 40 to not merely to ensure that all reflected 
light is captured by the fibers 42 and 44, but also 
to ensure that the reflected light enters the fibers 
42 and 44 at an angle that the critical angle will not 
be exceeded under all circumstances and the light 
will be strongly guided through the fibers 42 and 
44. This positively precludes radiation loss through 
the fibers 42 and 44 and accompanying non-linear- 
ity and noises. 

The numerical apertures of the fibers 40, 42 
and 44 are preferably selected in accordance with 
the following relations as shown in FIG. 7, in which 
the flexing of diaphragm 46 is exaggerated for 
purposes of illustration. 

6A ^ $3 + $C + 0D + 0E, 

where 

6A is the numerical aperture of the fibers 42 
and 44; 



$3 is the numerical aperture of the fiber 40; 

eC = tan~ 1 (K/r) is a predetermined maximum 
curvature tolerance of the diaphragm 46 in the 
absence of applied force; 
5 6D = tan~ 1 ( AK/ r) is a predetermined curvature 

of the diaphragm in response to a predetermined 
maximum applied force; 

0E is a predetermined maximum induced di- 
vergence of light propagating through the fiber 40 
io in response to physical perturbation thereof; 

r is the radius of the diaphragm; 

K is the displacement of the center of the 
diaphragm in the absence of applied force at the 
predetermined maximum curvature tolerance; 

15 

r » K; 

AK is the displacement of the center of the 
diaphragm in response to the predetermined maxi- 
20 mum applied force; and 

r » K + AK 

The fibers 40, 42 and 44 can have the same or 

25 different physical cross-sectional areas as long as 
the numerical aperture of the fibers 42 and 44 is 
larger than that of the fiber 40 as expressed above. 
Preferably, the cross-section of the fiber 40 is 
made as small as possible for maximizing linearity 

30 by constraining the beam to a substantially linear 
area of the diaphragm 46, but not so small that the 
efficiency by which light is coupled into the fiber is 
insufficient, the cross-section of the fibers 42 and 
44 is made as large as possible to maximize the 

35 light collection efficiency. For ease of packaging, 
the fibers 40, 42 and 44 have the same diameter. 

The fibers 40, 42 and 44 can be made of any 
suitable commercially available material such as 
glass, fused silica or sapphire. Regardless of the 

40 configuration of the fibers 40, 42 and 44, the clad- 
ding thickness thereof is made as small as possible 
to minimize dead space between the fibers 40, 42 
and 44. 

Although the scope of the invention includes 
45 configuring the fibers 40, 42 and 44 with circular 
cross-sections, the cross-sections of the fibers 40, 
42 and 44 are preferably rectangular or square. 
The reason for this is illustrated in FIG. 8. Optical 
fibers 40\ 42' and 44' correspond to the fibers 40, 
so 42 and 44 respectively but have circular cross- 
sections. The light beam from the fiber 40* which is 
reflected from the diaphragm 46 onto the fibers 42* 
and 44' is subjected to divergence in the air gap 
therebetween and is designated as 60. 
55 The center of the beam 60 is illustrated as 

being deflected leftwardly from the center of the 
fiber 40' due to a negative pressure P in accor- 
dance with the principles described above with 
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reference to FIG. 2. The light beams subtend areas 
62 and 64 of the. ends of the fibers 42* and 44' 
respectively as indicated by hatching. The areas 62 
and 64 vary non-linearly in response to displace- 
ment of the beam 60 along a line joining the 
centers of the fibers 40\ 42' and 44\ 

As further illustrated in FIG. 10, the response of 
a sensor including the three circular fibers 40\ 42, 
and 44* is acceptably linear only with a predeter- 
mined range indicated by hatched areas 66 and 68. 
At zero pressure P 0 , the edge of the beam 60 
intersects the peripheral edges of the fibers 42' 
and 44' along diameters which are perpendicular to 
the line joining the centers of the fibers 40', 42 1 and 
44'. The acceptable sizes of the areas 66 and 68 
for pressures between a maximum negative value 
P~max and a maximum positive value P + max are 
relatively small as illustrated. 

The preferred embodiment of the invention as 
utilizing rectangular or square fibers 40, 42 and 44 
to overcome the drawback described with refer- 
ence to FIG. 8 is illustrated in FIG. 9. The geome- 
try of the sensor 20 is selected such that the 
vertical edges of a beam ABCD reflected back on 
the fibers 42 and 44 from the diaphragm 46 will 
pass through the centers of the fibers 42 and 44 as 
indicated at AD and BC respectively at zero pres- 
sure Po- 

The vertical edges of a beam AiBiCiDt for 
maximum positive pressure P + max pass through 
the left edges of the fibers 42 and 44 as indicated 
at Ai Di and Bi Ci , whereas the vertical edges of a 
beam A2B2C2D2 for maximum positive pressure 
P _ max pass through the right edges of the fibers 
42 and 44 as indicated at A2D2 and B2C2. 

In this manner, the areas of the fibers 42 and 
44 which are subtended by the light beam from the 
fiber 40 vary linearly for all values of pressure P 
between P + max and P~max. The sensor 20 there- 
fore has a theoretically perfect linear response to 
pressure variation and maximum dynamic range. 

Further illustrated in FIG. 10 is an arrangement 
including the square fibers 42 and 44 and the 
circular fiber 40\ The linearity of this configuration 
is slightly less than that of FIG. 9. Although not 
illustrated, it is also within the scope of the inven- 
tion to utilize circular optical fibers in combination 
with rectangular or square masks. 

FIGs. 11 and 12 illustrate a portion of the 
sensor 20 including the body 22 and the dia- 
phragm 46. The body 22 is formed with a central 
bore 70 and a threaded, reduced diameter portion 
72 which screws into the hole 24 in the cylinder 
head 26 as illustrated in FIG. 3. 

The bore 70 has an enlarged, internally thread- 
ed portion 74. The peripheral edge of the dia- 
phragm 46 is clamped between a step defined at 
the bottom of the portion 74 and an annular set- 
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screw 76 which screws into the portion 74. The 
optical fibers 40, 42 and 44 are not illustrated in 
FIG. 11, but intrude into the bore 70 such that their 
ends are adjacent to the surface 46b of the dia- 
5 phragm 46. The surface 46a of the diaphragm 46 is 
exposed to the pressure in the combustion cham- 
ber 32. 

The body 22 and the setscrew 76 constitute a 
diaphragm holder 78 which has a much larger 

70 thermal mass than the diaphragm 46. Since the 
diaphragm holder 78 is connected to the engine 
block, which is cooled and constitutes a heat sink, 
the temperature of the diaphragm 46, which is 
exposed directly to the combustion gas, will be 

75 significantly higher than the temperature of the 
diaphragm holder 78. 

If the diaphragm and diaphragm holder are 
made of the same material, which is usually the 
case, this temperature differential will cause the 

20 diaphragm and diaphragm holder to expand at dif- 
ferent rates. In a simple arrangement such as dis- 
closed by Tekippe, this will cause the curvature of 
the diaphragm to vary in response to changes in 
temperature, even if the applied pressure does not 

25 change. This thermally induced curvature varies 
with temperature, and causes zero level drift in the 
sensed pressure. 

This problem is solved in accordance with the 
present invention by suitable selection of the ma- 

30 terials of the diaphragm 46 and the diaphragm 
holder 78. More specifically, the coefficient of ther- 
mal expansion of the diaphragm holder 78 is made 
larger than that of the diaphragm 46 by an amount 
which is selected in accordance with the antici- 

35 pated operating temperature and temperature dif- 
ference between the diaphragm 46 and the dia- 
phragm holder 78. 

Due to the complexity of the variables involved, 
the design is preferably determined empirically. 

40 With proper selection, the diaphragm 46 will be flat 
at zero pressure, and the curvature of the dia- 
phragm 46 will not change in response to tempera- 
ture variation over the anticipated operating tem- 
perature range of the sensor 20. 

45 By way of example, a suitable material for the 

diaphragm 46 is Inconel alloy 718 which has a 
thermal expansion coefficient of approximately 13 x 
10~ 6 /°C, and a high yield strength of greater than 
130,000 psi at 700 °C. A suitable material for the 

50 diaphragm holder 78 which is matched to the dia- 
phragm material is series 300 stainless steel, hav- 
ing a thermal expansion coefficient of approximate- 
ly 17 x 10- e /*C. 

The temperature of the diaphragm 46 can be 

55 reduced, and the temperature difference between 
the diaphragm 46 and the diaphragm holder 78 
correspondingly reduced, by providing a perforated^ 
heat shield 80 in front of the surface 46a of the 
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diaphragm 46. The heat shield 80 is made of 
copper or other high temperature and high thermal 
conductivity material which will not adversely ad- 
verse the pressure response of the diaphragm 46. 
The heat conduction between the diaphragm 46 
and the diaphragm holder 78 can be improved by 
providing copper cladding on at least one of these 
elements. 

FIG. 13 illustrates another arrangement for in- 
hibiting thermally induced curvature of the dia- 
phragm 46. A diaphragm holder 82 includes a 
sensor body 84 which is formed with a central bore 
86, and a hollow, cylindrical member 88 which is 
attached at its lower end to the body 84 and at its 
upper end to the periphery of the diaphragm 46. 
The member 88 has small thermal and mechanical 
mass and serves to insulate the diaphragm 46 from 
the diaphragm holder 82 and reduce the thermal 
expansion differential which causes thermally in- 
duced curvature. 

In FIG. 13, ti £ t2 < ta, where ti is the thick- 
ness of the diaphragm 46, t2 is the thickness of the 
cylindrical member 88 and t3 is the thickness of a 
flange portion of the cylindrical member 88 which 
is welded to the body 84. 

The cylindrical member 88 of FIG. 13 pro- 
trudes external of the end of the sensor body 84. 
FIG. 14 illustrates an alternative arrangement in- 
cluding a sensor body 90 which is formed with a 
central bore 92, and a hollow cylindrical member 
94 which intrudes into the bore 92. This arrange- 
ment enables the threaded portion of the body 90 
which screws into the hole 24 to be made longer, 
thereby increasing the efficiency by which the 
body 90 acts as a heat sink for the diaphragm 46. 
The relationship ti £ < U is also applicable to 
the embodiment of FIG. 14. 

FIG. 15 illustrates another arrangement for in- 
hibiting thermally induced diaphragm curvature. A 
sensor body 100 which acts as a diaphragm holder 
is formed with a central bore 102. A diaphragm 104 
includes a relatively hard main disc 106 which is 
retained at a step in the bore 102, a relatively soft 
secondary disc 108 which is sealingly attached to 
the upper end of the body 100, and a fluid 110 
which fills the space between the discs 106 and 
108. 

The pressure, and also the heat in the combus- 
tion chamber 32, are transmitted to the main disc 
106 by the secondary disc 108 and the fluid 110. 
The fluid 110 is a synthetic oil or other material 
which has a high boiling point and low thermal 
conductivity and low compressivity. The disc 108 
and fluid 110 thermally shield the disc 106, whose 
curvature is sensed for pressure measurement, 
from the heat in the combustion chamber 32 and 
thereby inhibit thermally induced curvature thereof. 
The secondary disc 1 08 is soft enough that it does 



not substantially affect the pressure which is trans- 
mitted by the disc 108 and fluid 110 to the main 
disc 106. 

FIG. 16 illustrates a sensor head assembly 120 

5 which provides an improved level of insensitivity to 
physical perturbation of the center optical fiber 40 
and minimize the optical loss if a connector is used 
between the cable and sensor head. 

The assembly 120 includes a hollow sensor 

70 body or probe 122 made of thermally resistant 
ceramic, metal, plastic or resin or the like. The 
optical fibers 40, 42 and 44 extend upwardly 
through the probe 122 from the lower end thereof 
as" shown and are retained in the probe 122 by 

is ceramic cement (not shown). 

The fibers 42 and 44 terminate at their upper 
ends in optical connectors 124 and 126, and are 
connected to the photodetectors 52 and 54 of FIG. 
5 through optical fibers 128 and 130 of large diam- 

20 eter and large numerical aperture which plug into 
the connectors 124 and 126 respectively. 

The light source 50 is constituted by a light 
emitting diode or laser diode which is retained in 
the probe 122 by an electrically and thermally 

25 insulative ceramic cement, and is connected to 
inject light into the upper end of the fiber 40. The 
light source 50 is powered through electrical leads 
132 and 134 which terminate in electrical connec- 
tors 136 and 138 respectively. Electrical leads 140 

30 and 142 plug into the connectors 136 and 138 
respectively and are connected to an appropriate 
electrical power source (not shown). 

The assembly 120 is provided with adequate 
thermal insulation, (not shown) to maintain it below 

35 the cooling water temperature of the engine block 
and thereby below the maximum operating tem- 
perature of the light source 50, which is typically 
130°C for a light emitting diode. Any electrical 
interference on the electrical leads 140 and 142 

40 has negligible effect on the optical pressure signal 
propagating through the optical fibers 128 and 130 
with the photodetectors 52 and 54 located remotely 
from the engine block. 

The optical pressure signal propagating 

45 through the fibers 128 and 130 is only sensitive to 
power loss therein, and is not affected by optical 
mode distribution profile change. The optical power 
loss in the fibers 128 and 130, even under severe 
operating conditions, is minimal due to their large 

so numerical aperture. 

Whereas the optical fibers 40, 42 and 44 are 
preferably made of high quality optical glass in 
order to provide the required high temperature 
environment, the fibers 128 and 132 can be made 

55 of low cost plastic due to their large numerical 
aperture. This enables the assembly 120 to be 
manufactured at low cost on a commercial produc- 
tion basis. 
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As described above, the pressure P can be 
computed by the computer 50 as a function of the 
intensities l lN and I 0 ut of light propagating through 
the outer optical fibers 42 and 44 to the 
photodetectors as P = (1/2A)[(l 0 uHiN)/(loLrr + Iin)] 
when the diaphragm 46 is maintained at low tem- 
perature since the value of A is substantially con- 
stant. 

However, at elevated temperatures on the or- 
der of 700 °C which are ' typically encountered in 
the combustion chamber of an internal combustion 
engine, the value of A is not constant, but varies as 
a function of temperature. This, in addition to the 
temperature difference AT between the diaphragm 
and the diaphragm holder, creates zero drift in the 
computed value of pressure P and thereby inaccu- 
racy in the operation of the sensor. 

Under high temperature conditions, the ratio 
(Iout-IinVOout + 'in) = AP + BAT, where B is an em- 
pirically derived constant. Since AT varies very 
slowly relative to P, this relation can be derived as 
follows 

P = (1/A){A.C. component of (IH 2 )/(h + fe)}; 
and 

AT = (1/B){D.C. component of (h-l 2 )/(li +l 2 )} 

The A.C. and D.C. components of (Iout-'inV- 
Cout+'in) can be separated by bandpass filters in a 
conventional manner. 

The value of A varies as a function of tempera- 
ture, and can be expressed as 

where C is a constant which depends on the 
optical fiber configuration, r is the radius of the 
diaphragm, u is the Poisson's ratio of the dia- 
phragm, ni is the index of refraction of the cores of 
the optical fibers, Y is the Young's modulus of the 
diaphragm, t is the thickness of the diaphragm and 
e c is the critical angle of the fiber 40 as described 
above. 

The Poisson's ratio u and Young's modulus Y 
vary with temperature as 

U = 0.3 - 1.2x10~*T + 1.1x10- 7 T2 + 7.6x10" 11 T 3 
and 

Y = 2.9x10 7 - 1.1x10*T + 11.9T 2 - 1.3x10-^ 
where T is the temperature of the diaphragm 



46 and is equal to T = T 9 + AT, and J Q is the 
temperature of the engine block and thereby the 
diaphragm holder 78 as measured by the sensor 
58. The temperatures are expressed in degrees 

5 Centigrade whereas the pressures are expressed in 
pounds per square inch. 

The engine temperature sensor which is con- 
ventionally provided for an internal combustion en- 
gine can bifunction as the sensor 58, thereby elimi- 

70 nating the need for a separate temperature sensor. 

This arrangement enables the computer 50 to 
compute the pressure as a predetermined function 
of Iin> Iout and temperature with a high degree of 
accuracy, even at high temperatures at which the 

75 sensitivity of the diaphragm varies significantly with 
temperature. 

EXAMPLE 

20 A sensor 20 embodying the present invention 

was constructed and tested on an LT-1 Corvette 
engine under motoring conditions at 130°C (no 
combustion), and firing conditions at over 700 °C 
(full combustion). The sensitivity and linearity were 

25 comparable to those of an instrumentation grade 
acoustic sensor without significant thermal effects. 

The sensor 20 included a center fiber 40 hav- 
ing a circular cross-section made of silica with a 
core diameter of 200 micrometers, a cladding outer 

30 diameter of 250 micrometers and a numerical ap- 
erture of 0.22. The outer fibers 42 and 44 also had 
circular cross-sections, a core diameter of 200 mi- 
crometers, a cladding outer diameter of 250 mi- 
crometers and a numerical aperture of 0.56. The 

35 diaphragm 46 was made of 400 series stainless 
steel, and the diaphragm holder 78 was made of 
300 series stainless steel. 

The sensor 20 was calibrated, and shipped to a 
remote location for testing without recalibration. 

40 The sensor 20 operated accurately with a few 
percent of zero drift, with the sensitivity and linear- 
ity substantially unchanged. The physical perturba- 
tion induced noise was approximately two orders of 
magnitude smaller than a similarly constructed sen- 

45 sor including three optical fibers having the same 
numerical aperture. 

While several illustrative embodiments of the 
invention have been shown and described, nu- 
merous variations and alternate embodiments will 

50 occur to those skilled in the art, without departing 
from the spirit and scope of the invention. 

For example, although the present sensor has 
been described as being especially suitable for a 
high temperature application such as sensing the 

55 pressure in the combustion chamber of an internal 
combustion engine, the present sensor and dia- 
phragm assembly can be advantageously em- 
ployed in any application in which the curvature of 
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a disc or other object is to be sensed. The present 
sensor can be used to provide either absolute or 
relative pressure readings in a variety of environ- 
ments. 

Although specifically designed for use in a 
curvature sensor, the principles of the invention can 
also be applied to a deflection sensor. As another 
modification, the sensor head can be designed to 
extend into a combustion chamber through a hole 
in a spark plug, in contrast to the arrangement of 
FIG. 3 in which two separate holes are required for 
the spark plug and the sensor head. 

Accordingly, it is intended that the present in- 
vention not be limited solely to the specifically 
described illustrative embodiments. Various modi- 
fications are contemplated and can be made with- 
out departing from the spirit and scope of the 
invention as defined by the appended claims. 

Claims 

1. A sensor (20) for sensing curvature of a disc 
(46), comprising: 

a first optical fiber (40) for transmitting 
light to the disc (46); 

a second optical fiber (42) disposed on a 
side of the first optical fiber (40) for receiving 
light from the first optical fiber (40) after reflec- 
tion from the disc (46); and 

a third optical fiber (44) disposed on an 
opposite side of the first optical fiber. (40) for 
receiving light from the first optical fiber (40) 
after reflection from the disc (46); 

characterized in that the second and third 
optical fibers (44, 46) have numerical apertures 
which are larger than the numerical aperture of 
the first optical fiber (40). 

2. The sensor (20) of claim 1, characterized in 
that the first, second and third optical fibers 
(40, 42, 44) are disposed along a radius of the 
disc (46) with the center of the first optical 
fiber (40) being spaced from the center (48) of 
the disc (46) by a predetermined distance (x). 

3. The sensor (20) of claim 2, characterized in 
that x = r/3^, where x is said predetermined 
distance and r is the radius of the disc (46). 

4. The sensor (20) of any of claims 1-3, char- 
acterized in that the first, second and third 
optical fibers (40, 42, 44) have end portions 
which extend parallel to each other and termi- 
nate in ends which are spaced from the disc 
(46) by a predetermined distance (Y). 

5. The sensor (20) of any of claims 1 - 4, char- 
acterized in that 



GA £ 63 + 6C + 6D + 0E, 
wherein 

5 0A is said numerical aperture of the sec- 

ond and third optical fibers (42, 44); 

SB is said numerical aperture of the first 
optical fiber (40); 

0C is a predetermined maximum curvature 
10 of the disc (46) in the absence of applied force 

(P); 

9D is a predetermined curvature of the 
disc (46) in response to a predetermined maxi- 
mum applied force (P); and 
75 0E is a predetermined maximum induced 

divergence of light propagating through the 
first optical fiber (40) in response to the phys- 
ical perturbation thereof. 

20 6. The sensor (20) of any of claims 1-5, char- 
acterized in that it further comprises a light 
source (50) for injecting light into the first op- 
tical fiber (40) such that substantially all optical 
modes of the first optical fiber (40) are fully 

25 populated. 

7. The sensor (20) of any of claims 1-6, char- 
acterized in that the second and third optical 
fibers (42, 44) have rectangular cross-sections. 

30 

8. The sensor (20) of any of claims 1 - 7, char- 
acterized in that the first optical fiber (40) has a 
rectangular cross-section or a circular cross- 
section. 

35 

9. The sensor (20) of any of claims 1 - 8, char- 
acterized in that the first, second and third 
optical fibers (40, 42, 44) are disposed relative 
to the disc (46) such that light from the first 

40 optical fiber (40) is reflected by the disc (46) 

onto the second and third optical fibers (44, 
46) such that edges of said reflected light pass 
substantially through centers of the second 
and third optical fibers (44, 46) respectively in 

45 the absence of force (P) applied to the disc 

(46). 

10. The sensor (20) of any of claims 1-9, char- 
acterized in that the disc (46) comprises a 

so diaphragm (46) having a first surface (46b) 

which faces the first, second and third optical 
fibers (40, 42, 44) and a second surface (46a) 
which is exposed to pressure (P) which is to 
be sensed. 

55 

11. The sensor (20) of any of claims 1-10, 
characterized in that it comprises: 

a first photodetector (52) for receiving light 
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transmitted thereto from the second optical 
fiber (42) and producing a first electrical signal 
(h) corresponding thereto; 

a second photodetector (54) for receiving 
light transmitted thereto from the third optical 
fiber (44) and producing a second electrical 
signal (I2) corresponding thereto; and 

a computer (56) for computing said cur- 
vature of the disc (46) as a predetermined 
function of said first and second electrical sig- 
nals (h , I2). 

12. A diaphragm assembly (20) for sensing pres- 
sure (P) of a high temperature gas, comprising: 

a diaphragm (46) having a first surface 
(46a) which is exposed to said high tempera- 
ture gas, the curvature of the diaphragm (46) 
changing in response to said pressure (P); and 

structure (22; 84; 90; 100) for inhibiting 
temperature-induced curvature of the dia- 
phragm (46). 

13. The diaphragm assembly (20) -of claim 12, 
characterized in that said structure (22; 84; 90; 
100) comprises a diaphragm holder (78) for 
retaining the diaphragm (46) at its peripheral 
edge, the diaphragm holder (78) having a larg- 
er coefficient of thermal expansion than the 
diaphragm (46). 

14. The diaphragm assembly (20) of claim 12, 
characterized in that said structure (22; 84; 90; 
100) comprises: 

a diaphragm holder (84, 90); and 
a hollow cylindrical member (88, 94) hav- 
ing a first end attached to the diaphragm hold- 
er (84, 90) and a second end attached to the 
peripheral edge of the diaphragm (46). 

15. The diaphragm assembly (20) of claim 14, 
characterized in that the cylindrical member 
(88) extends externally from the diaphragm 
holder (84). 

16. The diaphragm assembly (20) of claim 14, 
characterized in that: 

the diaphragm holder (90) has a bore (92); 

and 

the cylindrical member (94) extends into 
said bore (92) of the diaphragm holder (90). 

17. The diaphragm assembly (20) of claim 12, 
characterized in that said structure (22; 84; 90; 
100) comprises a perforated heat shield (80) 
disposed adjacent to said first surface (46a) of 
the diaphragm (46). 



1a The diaphragm assembly (20) of claim 12, 
characterized in that: 

the diaphragm (104) comprises two discs 
(106, 108) which are separated by a space; 
5 and 

said structure (100) comprises a fluid (110) 
disposed in said space. 

19. A sensor (20) for sensing pressure of a high 
70 temperature gas incorporating the diaphragm 

assembly of any one or more of claims 12 - 
18, further including: 

a first optical fiber (40) for transmitting 
light to a second surface (46b) of the dia- 

15 phragm (46); 

a second optical fiber (42) disposed on a 
side of the first optical fiber (40) for receiving 
light from the first optical fiber (40) after reflec- 
tion from said second surface (46b) of the 

20 diaphragm (46); 

a third optical fiber (44) disposed on an 
opposite side of the first optical fiber (40) for 
receiving light from the first optical fiber (40) 
after reflection from said second surface (46b) 

25 of the diaphragm (46). 

20. A pressure sensor (20) for sensing pressure of 
a high temperature gas, comprising: 

a diaphragm (46) having a first surface 
30 (46a) which is exposed to said high tempera- 

ture gas and a second surface (46b); 

a diaphragm hoider (78) for retaining the 
diaphragm (46) at its peripheral edge; 

a first optical fiber (40) for transmitting 
35 light to said second surface (46b) of the dia- 

phragm; 

a second optical fiber (42) disposed on a 
side of the first optical fiber (40) for receiving 
light from the first optical fiber (40) after reflec- 

40 tion from said second surface (46b) of the 

diaphragm (46); 

a third optical fiber (44) disposed on an 
opposite side of the first optical fiber (40) for 
receiving light from the first optical fiber (40) 

45 after reflection from said second surface (46b) 

of the diaphragm (46); 

a first photodetector (52) for receiving light 
transmitted thereto from the second optical 
fiber (42) and producing a first electrical signal 

50 (h) corresponding thereto; 

a second photodetector (54) for receiving 
light transmitted thereto from the third optical 
fiber (44) and producing a second electrical 
signal (b) corresponding thereto; 

55 a temperature sensor (58) for sensing the 

temperature of the diaphragm holder (78) and 
producing a third electrical signal correspond- 
ing thereto; and 
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a computer (56) for computing the value of 
a predetermined thermal characteristic of the 
diaphragm (46) which varies in response to 
temperature as a predetermined function of 
said first, second and third electrical signals 5 
O1J2). 

21. The pressure sensor (20) of claim 20, char- 
acterized in that: 

the first, second and third optical fibers 10 
(40, 42, 44) are disposed along a radius of the 
diaphragm (46) with the center of the first 
optical fiber (40) being spaced from the center 
(48) of the diaphragm (46) by a predetermined 
distance; and 75 

(li-l 2 )/(li +I2) = AP + AT, 

where 

h is the magnitude of said first electrical 20 
signal; 

l 2 is the magnitude of said second elec- 
trical signal; 

A is said thermal characteristic of the dia- 
phragm (46); 25 

B is a constant; 

AT is the temperature difference between 
the diaphragm (46) and the diaphragm holder 
(78); 

30 

P = (1/A){A.C. component of (IH 2 )/(li +I2)}; 
and 

AT = (1/B){D.C. component of (h-l 2 )/(li +12)}- 35 

22. An optical sensor head (120), comprising: 

a body (122); 

a first optical fiber (40) retained by the 
body (122); 40 

second and third optical fibers (42, 44) 
retained by the body (122) on opposite sides 
of the first optical fiber (40) respectively; 

a light source (50) retained by the body 
(122) for injecting light into an end of the first 45 
optical fiber (40); 

an electrical connector (136, 138) which is 
retained by the body (122) and connected to 
the light source (50); and 

first and second optical connectors (124, 50 
126) which are retained by the body (122) and 
connected to ends of the second and third 
optical fibers (42, 44) respectively. 

23. The optical sensor head (120) of claim 22, 55 
characterized in that the light source (50) com- 
prises a light-emitting diode. 
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ture of the diaphragm (46) changes in response to the 
gas pressure. Three optical fibers (40, 42, 44) are 
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ends which face a second surface (46b) of the dia- 
phragm (46). A light source (50) injects light into a 
center ffoer (40), which is displaced from the center of 
the diaphragm (46) by a predetermined distance. Outer 
fibers (42, 44) receive light from the center fiber (40) 
after reflection from the diaphragm (46). The relative 
intensities of light reflected from the diaphragm (46) into 



the outer fibers (42, 44) correspond to the curvature of 
the diaphragm (46) and thereby to the pressure. The 
outer fibers (42, 44) have a larger numerical aperture 
than the center fiber (40), and the light source (50) fully 
populates all of the optical modes of the center fiber (40) 
to reduce modal noise caused by physical perturbation 
of the fibers (40, 42, 44). A computer (56) computes the 
pressure in response to the relative reflected light inten- 
sities. A temperature sensor (58) provides an input to 
the computer (56) which enables compensation for var- 
iation of the sensitivity of the diaphragm (46) with tem- 
perature. 
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